Abstract Polymorphic major histocompatibility complex (MHC) molecules play a central role in the vertebrate adaptive immune system. By presenting short peptides derived from pathogen-derived proteins, these Bclassical^MHC molecules can alert the T cell branch of the immune system of infected cells and clear the pathogen. There exist other Bnon-classicalM HC molecules, which while similar in structure to classical MHC proteins, are contrasted by their limited polymorphism. While the functions of many class Ib MHC molecules have still to be elucidated, the nature and diversity of antigens (if any) that some of them might present to the immune system is expected to be more restricted and might function as another approach to distinguish self from non-self. The MHC-related 1 (MR1) molecule is a member of this family of non-classical MHC proteins. It was recently shown to present unique antigens in the form of vitamin metabolites found in certain microbes. MR1 is strongly conserved genetically, structurally, and functionally through mammalian evolution, indicating its necessity in ensuring an effective immune system for members of this class. Although MR1 will be celebrating 21 years this year since its discovery, most of our understanding of how this molecule functions has only been uncovered in the past decade. Herein, we discuss where MR1 is expressed, how it selectively is able to bind to its appropriate antigens and how it, then, is able to specifically activate a distinct population of T cells.
Introduction
Vertebrate evolution over the past 500 million years has produced a form of immunity unique to this branch of life. This manifests itself partly with the existence of major histocompatibility complex (MHC) molecules, which serve as harbingers of a loss of homeostasis, usually due to a microbial infection. Classical MHC molecules capture peptides of various lengths and come in two flavors: MHC-I molecules, which bind to short peptides (8-9 residues long) sampled from the proteolytic products of intracellular proteins and MHC-II molecules, which bind to longer peptides (14-20 residues long) sampled from the extracellular milieu (Mohan and Unanue 2012; Neefjes et al. 2011) . At steady-state, these molecules bind to peptides derived from host proteins exclusively. During an infection, however, these molecules bind to peptides derived from microbial proteins and present these protein fragments to T cells, which through the use of their diverse T cell antigen receptors (TCRs) can interact with the peptide-MHC (pMHC) ligands to which they are specific. Through these intricate interactions, infected cells alert and activate T cells, helping the host clear the infection. Peptides from the microbial proteome, though, are not the only antigens that hosts consider foreign. Microbes also produce lipids, modified lipids/peptides, and other small compounds not naturally present in vertebrates (Mori et al. 2016) . Thus, vertebrates have taken a multi-pronged approach to tackle infections by employing different classes of molecules that bind to different antigens, including peptides and non-peptides.
Some of these molecules are the non-classical MHC-I proteins, or MHC-Ib as they are called, which are structurally similar to the classical MHC-I (MHC-Ia) proteins, but in contrast to the classical MHC-I proteins, they display limited or no polymorphism, their expression tends to be more tissuerestricted, and they might have functions other than antigen presentation to the immune system (Shawar et al. 1994) . Although the existence of these molecules has been appreciated for quite some time (Stroynowski 1990) , their individual functions have largely remained understudied.
Recently, though, one such molecule, the MHC-related 1 (MR1) protein, has received substantial attention due to the unusual ligands it presents to its cognate T cell population, the mucosal-associated invariant T (MAIT) cells. MAIT cells are αβ TCR-expressing T cells enriched in mucosal tissues, especially in the human liver where they comprise 20-40 % of T cells (Howson et al. 2015) . They originate in the thymus before migrating to mucosal sites for further maturation ). Subsequently, they survey these sites for signs of infection and respond quickly upon encountering one. They primarily secrete T H 1-and T H 17-biased cytokines (such as IFNγ, TNFα, and IL-17) while also possessing the ability to lyse infected cells (Le Bourhis et al. 2013a; Tang et al. 2013) . MAIT cells rely heavily on MR1 for both their development and activation. As such, understanding the role of this non-classical MHC-I molecule in the development, maintenance, and activation of MAIT cells will be fundamental to our grasp of MAIT cell biology. Here, we review how MR1 functions as well as the antigens it presents.
The MR1 gene and its evolution
Classical MHC-I and MHC-II genes are clustered together on chromosome 6 and chromosome 17 in the human and murine genomes, respectively. Interestingly, many MHC-Ib genes are also interspersed within these loci, potentially resulting from gene duplication events . For example, in mouse, over 20 MHC-Ib genes have been discovered in the telomeric region of this locus (Takada et al. 2003) . As might be expected in gene duplication events, the duplicated genes either gain a novel function or lose gene function altogether due to redundancy with the original gene (Klein et al. 1998) . To support this claim, there are several pseudogenes within this locus that have premature termination codons, frameshifts, or poor promoters limiting their expression (Geraghty et al. 1992 ). Many of the functional genes have also gained distinctive roles, as evidenced by their ability to present novel antigens or serve as stress ligands (Rodgers and Cook 2005) . Despite this, they retain many features in common with their paralogous MHC-Ia genes. Genes in both families have similar exon-intron organization in the genome with each exon coding for a specific structural domain and together forming the heavy chain of the protein (Stroynowski and Lindahl 1994) . Additionally, these heavy chains usually interact with the monomorphic β2-microglobulin (β2m) protein in order to be stably expressed on the surface. Of the three domains present in the heavy chains, the first two (α1 and α2) form the ligand-binding pocket, whereas the third (α3) tethers the protein to the cell surface and interacts with β2m (Stroynowski and Lindahl 1994) . Therefore, it is the α1 and α2 domains that bestow specialized functions to these molecules by binding to antigens from different pools of potential ligands. It is also in these domains where the differences between MHC-Ia and MHC-Ib molecules are most apparent. Classical MHC-I proteins are considered the most polymorphic genes in the genome (Trowsdale and Knight 2013) , and their polymorphism is primarily restricted to the α1 and α2 domains (Hughes et al. 1990 ). In this manner, different MHC-Ia alleles within a species can present various peptides to T cells and encompass a larger collection of antigens to promote stronger immunity on a population level. MHC-Ib proteins, on the other hand, display little polymorphism in these domains both within a species and across multiple species (Rodgers and Cook 2005) . As a result, they might present limited sets of antigens, which might not overlap with the antigens presented by MHC-Ia proteins. Thus, over the course of evolution, MHC-Ib proteins have possibly undergone strong negative selection to guarantee binding of specific ligands (Hansen et al. 2007 ) while MHC-Ia proteins have not faced a similar pressure.
Although at least one MHC gene has been discovered in all jawed vertebrates studied thus far (Trowsdale 1995) , some of the MHC-Ib genes, such as H2-M3 in mice and the group I CD1 genes in humans, are missing altogether in certain species and clades (Mori et al. 2016; Rodgers and Cook 2005) , indicating that these specialized molecules are not necessary for some species occupying unique niches. Interestingly, a functional MR1 gene has been discovered in almost every mammalian species analyzed, except for monotremes (Goldfinch et al. 2010; Tsukamoto et al. 2013) . Comparing the antigen-binding domains of the MR1 genes found in each of these species reveals a marked conservation, exemplified by the ∼90 % homology at the protein level between humans and mice (Yamaguchi et al. 1997) (Fig. 1) . Such conservation underscores the importance that this molecule might have in immune surveillance. In addition to sequence conservation, there is also a functional conservation since both murine and human MAIT cells have been observed to be xenoreactive to orthologs of the MR1 molecule (Huang et al. 2009 ). Other innate-like T cell populations such as iNKT cells also display similar xenoreactivity to MHC-Ib molecules like CD1d (Brossay et al. 1998; Kjer-Nielsen et al. 2006) , suggesting that they MHC-Ib proteins tend to play similar roles in different hosts.
Curiously, MR1 shares greater homology with MHC-Ia genes than it does with other MHC-Ib genes (Hashimoto et al. 1995) . Although the MR1 gene is considered part of the MHC-Ib family, it is not located within the MHC locus. It is instead located on chromosome 1 in both human and murine genomes. A detailed analysis of the genomic region surrounding MR1 has previously determined that it is in fact paralogous to the MHC locus on chromosome 6, providing evidence for a duplication event that occurred early in the evolution of vertebrates (Shiina et al. 2001) . Given that such a whole genome duplication event transpired, why only placental and marsupial mammals possess this gene remains unclear, especially since many of the neighboring genes are conserved across other vertebrate species (Tsukamoto et al. 2013) . (Jones et al. 1992) . The tree with the highest log likelihood (−7594.4549) is shown. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model and then selecting the topology with superior log likelihood value. The analysis involved 47 amino acid sequences. All positions containing gaps and missing data were eliminated. A total of 167 positions were involved in the final analysis, all of which are located in the α1 and α2 domains so only the ligand-binding domains of the different proteins were analyzed. Only MHC-Ia, MR1, CD1, and HFE from various species were compared. Both MR1 and HFE are closer phylogenetically to MHC-Ia than each is to CD1. In lieu of using taxonomic classifications, each animal was assigned a 1-2 letter designation. Abbreviations used: bb little brown bat, bo bovine, c chimpanzee, d dog, f feline, gm green monkey, h human, ho horse, m mouse, o opossum, p pig, r rat, s sheep, td Tasmanian devil, w wallaby. Common nomenclature was used for any proteins for which such naming already existed, such as HLA or H-2. Evolutionary analyses were conducted in MEGA7 (Kumar et al. 2016) 
MR1 protein isoforms and expression
Although MR1 is essentially a monomorphic molecule, various mRNA isoforms have been discovered in both humans and other species (Riegert et al. 1998 ). However, many of these isoforms have premature termination codons generating non-functional protein products (Riegert et al. 1998) . One isoform, MR1B, has recently been characterized in greater depth. In humans, MR1B, which lacks the α3 domain, can be expressed at the cell surface in an overexpression system, although whether it is expressed as a monomer or a homodimer remains unresolved (Lion et al. 2013; Yamaguchi et al. 2014) . Since the antigen-binding pocket is created by the α1 and α2 domains, this isoform can still present antigen to and stimulate MAIT cells. Additionally, due to the missing α3 domain, it cannot interact with β2m as the full-length isoform does (Lion et al. 2013; Yamaguchi et al. 2014 ). Many bacteria possess proteins promoting immune evasion and some especially target and interact with β2m (Bjorck et al. 1984; Sreejit et al. 2014 ). MR1B could, thus, potentially serve as a splice variant that circumvents the requirement for β2m for cell surface expression and antigen presentation during such a bacterial infection.
In contrast to other MHC-Ib genes, both MR1 and MR1B transcripts are expressed ubiquitously in various tissues and cell types, much like MHC-Ia transcripts (Hashimoto et al. 1995; Riegert et al. 1998) . Such global expression might be advantageous to combat the expansive bacterial tropism and further highlights the crucial role MR1 plays in the immune system. Yet, observing MR1 protein expression on the cell surface has been notoriously difficult. B cells have been previously linked to MAIT cell activation and expansion (Treiner et al. 2003) , implying that they might express MR1 and stimulate MAIT cells in the periphery. However, when the Hansen group stained several B cell lines to determine MR1 levels on the surface, they found little or no surface expression (Chua et al. 2011) . Intriguingly, corroborating a previous study (Miley et al. 2003) , the authors discovered that these cells have high intracellular expression of endogenous MR1. While the reasons for this remain unclear, one possible explanation could be that MR1 does not traffic to the cell surface efficiently due to low ligand availability. In agreement with this, infection of B cell lines with bacteria that carry ligands capable of binding to MR1 (discussed in further detail below) led to the expression of MR1 molecules on the cell surface (Salerno-Goncalves et al. 2014) .
MAIT cell development in the thymus is also dependent upon MR1 expression (Treiner et al. 2003 ). Yet, the inability to detect MR1 on any cell surface obscured the cell type responsible for selecting MAIT cells. Work by two separate groups hinted that the thymic cells which expressed MR1 were the double positive (DP) thymocytes (Chua et al. 2011; Gold et al. 2013) , in good agreement with their high MR1 mRNA expression level compared to other thymic cell populations (Seach et al. 2013) . Furthermore, through the use of bone marrow chimera and thymic organ cultures, the Lantz lab demonstrated that DP cells are responsible for the positive selection of MAIT cells (Seach et al. 2013) . Such a selection mechanism is reminiscent of iNKT cells that are also selected on CD1d-expressing DP thymocytes (Gapin 2016) and could directly affect the phenotype and/or functionality of the selected MAIT cells.
Antigens presented by MR1
One of the distinctive features of classical MHC molecules is their ability to present peptides to certain T cells as a way to discriminate self from non-self. Antigen presentation is similarly important for MHC-Ib molecules, although they can present more than simply peptide fragments. Once MR1 was discovered and introduced as a member of the MHC-Ib family, investigators were uncertain as to what the antigens presented by this molecule were. The only known antigens presented by MHC or MHC-like molecules at the time were peptides and lipids, but the MR1-bound antigen was protease resistant and did not purify in the lipid fractions, perplexing investigators further (Young et al. 2013 ). However, there were several reasons to suggest that MR1 was indeed presenting a ligand and did not just serve to provide a danger signal. Firstly, unlike some MHC-Ib molecules such as Hfe (Lebron et al. 1998 ), MR1 does not have an antigen-binding pocket that is flat and empty (Fig. 2) . Rather, its small ligand-binding pocket is surrounded by aromatic and basic residues, indicating a small molecule could fit in the groove and stimulate MAIT cells Lopez-Sagaseta et al. 2013a ). Secondly, when Hansen and colleagues used an epitope tagging strategy to distinguish between Bopen^(MR1 without a ligand) vs. Bclosed^(MR1 occupied by a ligand) conformations of MR1, they discovered that MR1 (similar to MHC-Ia molecules) undergoes ligand-induced folding (Huang et al. 2005; Miley et al. 2003) . Finally, MAIT hybridoma cell stimulation was abrogated when many of the putative ligand-binding residues of MR1 were mutated (Huang et al. 2005) , hinting that the presumed ligand could no longer interact with MR1.
Further work demonstrated that MAIT cells could be activated in a MR1-dependent manner by antigen-presenting cells in the presence of some bacteria and yeasts but not viruses (Gold et al. 2010; Le Bourhis et al. 2010 ), yet the antigenic compounds unique to these microbes continued to be elusive. Eventually, in a seminal study by the McCluskey and Rossjohn groups, using various compounds to properly refold MR1, the authors discovered that vitamin metabolites, primarily derived from riboflavin (vitamin B 2 ), were the antigens being presented by MR1 to MAIT cells ). Many bacteria harbor the genes required to synthesize vitamins and infection of antigenpresenting cells with any of these microbes lead to the activation of MAIT cells. Thus, vitamin metabolites now provide another basis for self vs. non-self discrimination by the immune system since mammals do not naturally produce vitamins and the presence of these vitamin metabolites might serve as a sensor for infection .
The first antigen that was discovered to bind to MR1 was 6-formyl pterin (6-FP), which is a photo-degradation product of folic acid (vitamin B 9 ). Intriguingly, in contrast to how other ligands interact with their respective MHC molecules, 6-FP forms a covalent Schiff base with one of the residues in the antigen-binding cleft for MR1 (K43), providing substantial stability for this complex . When Kjer-Nielsen et al. solved the structure of 6-FP bound to MR1, it further clarified how the antigen bound to MR1 was discovered to be protease resistant. With bulky amino acids lining the antigen-binding pocket, the groove is too small to accommodate peptides (Fig. 2) . It similarly would not have been able to bind to hydrophobic lipids because of the charged residues surrounding the pocket. The authors, however, did encounter a roadblock in their analyses. While MR1 could fold properly with 6-FP loaded as the antigen, this metabolite was unable to stimulate the MAIT hybridoma clones against which they tested this antigen.
To successfully identify the stimulating ligand(s), the authors looked for other compounds with the pterin or analogous moieties by refolding MR1 in the presence of Salmonella typhimurium. This bacterium possesses a functional riboflavin synthesis pathway, and MAIT cells are stimulated in its presence . Thus, the authors reasoned that by using the bacterial supernatant to refold MR1 and subsequently performing mass spectrometry on the antigens bound to MR1, they could determine the identity of the stimulatory ligand. Eventually, they obtained reduced 6-hydroxymethyl-8-D-ribityllumazine (rRL-6-CH 2 OH), a derivative of riboflavin, as one of their products and it potently stimulated MAIT cells in a MR1-dependent manner. Thus, the ribityl group linked to this lumazine, a compound structurally similar to pterin, moiety, was essential for MAIT TCR recognition of the MR1-antigen complex . Yet, what remained unresolved was how the stimulatory ligand was generated as an antigen since it had not been described as part of the riboflavin synthesis pathway. In a separate study, the same groups used a clever genetic approach and concluded that the antigen presented to MAIT cells during bacterial infections was in fact a riboflavin precursor that In panel a, the heavy chain is displayed in red with its three structural domains also denoted. The monomorphic β2m molecule, which associates with most MHC-Ib molecules, is portrayed in cyan as it interacts with the α3 domain of the MHC molecules. Finally, the antigen for each protein (except for hHFE) is illustrated in neon green. All proteins adopt a similar fold and use two α-helices to form the ligand-binding pocket while anti-parallel β-strands form the floor of the pocket. The pocket for hCD1d is much deeper than the ones present in HLA-A2 and hMR1, distinguishing the antigens each molecule presents. In panel b, a top-down illustration is used to represent the view of the antigen-MHC complex from the TCR's perspective. HLA-A2 is shown presenting a melanoma-specific protein while hCD1d and hMR1 are presenting their prototypic stimulatory antigens α-galactosylceramide (α-GC) and 5-OP-RU, respectively. hHFE possesses too narrow and flat a groove to appropriately present an antigen. In this representation, it is easy to visualize that while HLA-A2 presents an antigen that spans the length of its groove, hMR1 presents an antigen that is sequestered exclusively in the A' pocket formed an adduct with intermediates from the host or microbial glycolytic pathway . Interestingly, this chimeric antigen is an isomer of the stimulatory ligand previously described ). Additionally, a synthesized form of this antigen (5-OP-RU) has since been shown to bind to MR1 and stimulate MAIT cells when presented by MR1 expressed on APCs Gherardin et al. 2016; McWilliam et al. 2016 ). However, rRL-6-CH 2 OH has also previously been isolated from Escherichia coli supernatant and determined to be the primary stimulatory ligand bound to MR1 (Lopez-Sagaseta et al. 2013b). Thus, the origin of this antigen in E. coli remains unknown and requires further investigation. Fluorescent MR1 tetramers loaded with 5-OP-RU label the vast majority of MAIT cells arguing that most, if not all, MAIT cells recognize this antigen in the context of MR1 (Gherardin et al. 2016) . Nevertheless, whether this is the only antigen that MR1 can present and to which MAIT cells can respond remains unknown. Recently, the Rossjohn group stained human peripheral blood mononuclear cells (PBMCs) with various antigens loaded onto MR1 tetramers and consistently observed a small population of cells which stained with 6-FP/MR1 tetramers (Gherardin et al. 2016 ). Thus, in retrospect, the reason why the authors initially observed no stimulation with 6-FP as the antigen was due to incomplete sampling of MAIT cells since the 6-FP/MR1 tetramer + cells only comprise ∼0.1 % of the T cells in PBMCs. Antigens bound to MR1 discovered hitherto chiefly occupy the A' pocket of the MR1 groove (Fig. 2) , opening up the possibility that larger ligands or ligands occupying the F' pocket of the groove could be novel antigens . Such antigens could promote the development of diverse subsets of MAIT cells with distinctive phenotypes, each of which might respond to in vivo bacterial infections to varying degrees. Already, the phenotypes of the 6-FP reactive MAIT cells are not identical to the phenotypes of the 5-OP-RU-specific cells (Gherardin et al. 2016) . Further work needs to be performed in this area to characterize the full scope of ligands that could be captured and presented by MR1.
Finally, although evidence points to DP cells as the cells mediating the positive selection of MAIT cells in the thymus (Seach et al. 2013) , the antigen(s) MR1 might present during selection is unknown. Many human commensal gut bacteria possess the riboflavin synthesis pathway (LeBlanc et al. 2013) and consequently, could potentially provide a steady supply of antigens that could be captured by MR1 to select MAIT cells. Yet, it is unclear how DP cells would be able to specifically take up the riboflavin precursors or the chimeric adducts in order to present these antigens for the selection of MAIT cells. Additionally, the development of MAIT cells has been observed in thymic organ cultures carried out in sterile conditions in vitro in the absence of any exogenously added ligands (Seach et al. 2013) . These results suggest the possibility that endogenous ligand for MR1 might exist and be responsible for the selection of MAIT cells. Such hypothesis would be in agreement with the Bautoreactivity^that some MAIT cell clones exhibited originally for cell lines engineered to overexpress MR1 molecules (Treiner et al. 2003) . Whether these hypothetical Bself^ligands will be structurally similar to the bacterial ligands is currently unknown, although one MAIT TCR has been shown to use different residues when responding to MR1-overexpressing cell lines in the presence or not of bacterial ligands, suggesting the possibility that they might be structurally different (Young et al. 2013 ).
MR1 intracellular trafficking and antigen loading
Nascent MHC-Ia molecules undergo proper folding and peptide loading in the ER. Soon thereafter, they are transported to the surface where they can present these peptides, whether self or foreign, to T cells (Neefjes et al. 2011) . While this pathway has been studied for many years and has largely been characterized, the path MR1 takes from when it is translated to when it can travel to the surface has not yet been completely clarified. In contrast to MHC-Ia molecules, it appears that intracellular MR1 proteins are primarily sequestered in the ER. A high percentage of the protein is endoglycosidase H sensitive, indicating that intracellular MR1 is an ER-resident protein (Miley et al. 2003) . In support of this, a recent study has demonstrated that MR1 is trapped in the ER in an incompletely folded conformation free of β2m until it can bind to its antigen. Upon binding to antigen, MR1 folds properly, associates with β2m, and travels to the surface, furthering the claim that antigen availability truly does drive its surface expression (McWilliam et al. 2016) .
Previously, MR1 has also been co-immunoprecipitated with many proteins involved in the peptide-loading complex (PLC) such as TAP, ERp57, and calnexin, all of which are ER-resident proteins (Miley et al. 2003) . While this fits with the notion that MR1 is stuck in the ER intracellularly, this piece of evidence presents as an oddity since MR1 itself does not present peptides and can still be expressed on the surface of TAP −/− cells, which are deficient in MHC-Ia cell surface expression (Tilloy et al. 1999; Treiner et al. 2003) . Perhaps one explanation, as noted when MR1 was first identified (Hashimoto et al. 1995) , is that since MR1 has more sequence similarity to MHC-Ia molecules than to other MHC-Ib molecules (Fig. 1) , it bears the appropriate motifs to associate with the PLC. Therefore, while it does not require the PLC in order to be loaded with antigen, it might still interact with the complex merely due to sequence similarity. Although MR1 has been demonstrated to traffic to the surface directly from the ER upon antigen binding, whether or not this reflects its natural trafficking pattern is unclear. Purified antigen was introduced exogenously in this system to promote MR1 folding and translocation to the surface (McWilliam et al. 2016) . However, in the context of a pathogenic infection, how efficiently the MR1 ligand is transported to the ER currently remains unresolved. In addition, because at least one of the MAIT antigens is a chimeric product that requires the presence of host/microbial metabolic products , the local concentration of the precursor molecules might determine the amount of 5-OP-RU generated. Thus, using synthesized antigen at high concentrations does not provide a complete picture for how antigen is efficiently captured and presented by MR1 in an infectious setting. Furthermore, given that many bacteria are internalized and lysed in the late endosomes/lysosomes (Stuart and Ezekowitz 2005) , how the antigenic compounds might be transported to the ER remains unknown.
Strikingly, the Hansen group has previously observed that MR1 was also found in the late endosomal and lysosomal vesicles in association with invariant chain (Ii) (Huang et al. 2008) . This protein has been historically coupled to assisting MHC-II molecules in trafficking to the endosome for antigen loading (Fortin et al. 2013) . Notably, while MAIT cells continue to develop in Ii −/− mice (Treiner et al. 2003) , MAIT cell stimulation was significantly augmented when Ii was overexpressed in the APCs expressing MR1, raising the question as to how this molecule was affecting MR1 trafficking and antigen presentation. Transmembrane proteins which are sorted into endosomal or lysosomal compartments contain specific sequences in their cytosolic regions called tyrosine signal-based motifs or dileucine-based motifs (Bonifacino and Traub 2003) . CD1d is one such MHC-Ib protein that contains the tyrosine signal-based motif to target it to endosomes (Jayawardena-Wolf et al. 2001 ). MR1 lacks any such motif in its C-terminus, and its physical association with Ii could help promote its effective trafficking to the late endosome (Huang et al. 2008 ). Thus, this mechanism might allow MR1 to directly have access to the locations where its cognate antigen concentration is highest. While MR1 has been shown to localize in endosomes upon internalization from the surface and undergo antigen exchange (McWilliam et al. 2016) , direct transport to this compartment from the ER could serve as a pathway to efficiently present non-self ligands when they are limiting.
MAIT TCR interaction with MR1-Ag
In order to interact with the myriad of potential antigens an individual might encounter, αβ TCRs have a theoretical diversity estimated to exceed 10 15 unique sequences (Davis and Bjorkman 1988) . Due to the nature of how these receptors are generated, the diversity is largely concentrated in the complementarity determining region 3 (CDR3) loops of both the TCRα and TCRβ chains (Schatz 2004) , which are the loops that focus on the different antigens presented by MHC-Ia or MHC-Ib molecules. Through this mechanism, the most diverse parts of the TCR (the CDR3 loops) interact with the most diverse portions of the MHC molecule (antigen). MAIT cells, however, sample a restricted set of sequences from this enormous pool, likely because they interact with and recognize a limited set of ligands, which are precursors or byproducts of vitamin synthesis pathways. To add to the growing list of similarities between MAIT cells and iNKT cells, the TCRα chains for MAIT cells also primarily use a specific rearrangement between TRAV1-2 (TRAV1 in mice) and TRAJ33 (Rahimpour et al. 2015; Reantragoon et al. 2013) . While the CDR3α sequence thus generated is not always exactly identical, the length is strictly conserved (Le Bourhis et al. 2013b ). Interestingly, the TCRα chain utilized by MAIT cells has been previously shown to be similarly conserved in mammalian evolution through the use of orthologous gene rearrangements (Young et al. 2013 ). However, recent work has suggested that the TCRα rearrangements in MAIT cells are not thoroughly conserved in humans as several other TRAJ genes were found rearranged with the TRAV1-2 gene (Gold et al. 2014) . Such diversity could provide increased coverage to different pathogens, which might each give rise to unique antigens bound to MR1. The TCRβ genes utilized by MAIT cells are predominantly TRBV6 and TRBV20 (TRBV13 and TRBV19 in mice), but these rearrangements are far more diverse in their CDR3 regions when compared to the TCRα chain with which they pair, although they still remain oligoclonal (Lepore et al. 2014) . It is noteworthy that both iNKT cells and MAIT cells possess an invariant TCRα chain paired to diverse TCRβ chains. One possible explanation for this could be that because TCRβ chains are generated prior to TCRα chains during T cell development (Schatz and Ji 2011) , an immature thymocyte with a functional TCRβ chain is not yet fated to develop into a specific subpopulation of T cells. Additionally, since immature thymocytes undergo a burst of proliferation after generating a functional TCRβ chain (Kreslavsky et al. 2012) , many cells would exist with that specific TCRβ rearrangement, each of which can produce and pair with a completely unique TCRα chain. Upon TCRα rearrangement and expression, the complete TCR will then undergo selection on its appropriate ligand. Accordingly, the TCRα chain could provide specificity for a complex while the TCRβ chain could fine-tune the overall affinity. The MAIT TCRα chain, consequently, would be predicted to interact primarily with the antigen presented by MR1 to provide specificity.
In support of this, when the TCR-MR1-Ag complex structures were solved, one crucial residue in the CDR3α, Y95, contributed by TRAJ33 formed the major hydrogen bond with the ribityl moiety of the antigen (Lopez-Sagaseta et al. 2013a; Lopez-Sagaseta et al. 2013b; Patel et al. 2013) . Surprisingly, when the structure was solved for the same TCR interacting with MR1 presenting the non-stimulatory ligand 6-FP, the Y95 could no longer form this hydrogen bond with the antigen, stressing the exquisite sensitivity of the TCR for the right antigen. The TCRβ chain was also observed to hover around the antigen, and the CDR3β provided a key contact with the stimulatory ligand . Thus, given that the MAIT TCRα chain can make its required contacts, the TCRβ chain can further strengthen this interaction and enhance the signal perceived by MAIT cells. Furthermore, this lends credence to the idea that individual MAIT cells might respond in distinct manners because of the individual TCRβ chains' capabilities for ligand discrimination.
When MR1-tetramers loaded with an acetylated version of 6-FP were used to stain human PBMCs, a well-defined T cell population was revealed to be tetramer + (Gherardin et al. 2016) . Strangely, the majority of these cells were in fact TRAV1-2 − . These T cells instead expressed a diverse array of TCRα chains, none of which possessed the Y95 residue in the CDR3α. Additionally, when these Batypical^MAIT cells were further phenotyped, they shared little similarity to typical MAIT cells and instead were phenotypically comparable to conventional T cells (Gherardin et al. 2016) . One possible explanation could be that these cells were in fact not MAIT cells at all but rather conventional αβ T cells with TCRs that happened to interact with MR1 bound to antigen. Thus, they could have been selected on MHC-Ia molecules (since they were overwhelmingly CD8 + ) yet bore TCRs that could cross react with MR1 and its antigen. Though their role in immune responses is unclear, it is important not to conflate the ability of the TCR to interact with the MR1-Ag complex to the ability of the cell to respond to that stimulus. These cells could certainly follow the kinetics of conventional T cell activation before responding, even when stimulated by MR1, unlike typical MAIT cells, which secrete cytokines promptly upon stimulation (Kawachi et al. 2006) .
In one of the few yet major differences between iNKT cell antigen recognition and MAIT cell antigen recognition, the MAIT TCR adopts a docking conformation that is orthogonal/diagonal to the axis created by the antigenbinding pocket (Gherardin et al. 2016; Patel et al. 2013) . iNKT TCRs, on the other hand, dock in a parallel manner to CD1d-presenting lipids, placing the CDR3α chain in a key location to dominate the interaction (Bhati et al. 2014) . However, in the case of the MAIT TCR, while the CDR3α (or CDR1α for atypical MAIT TCRs) chain plays a larger role in antigen recognition, the CDR3β chain also participates, much like how both chains contribute to antigen recognition for TCRs from conventional T cells . Even prior to the co-crystal of the TCR-MR1-Ag being solved, there was mutational evidence suggesting that the MAIT TCR interacted with MR1 in a manner similar to how CD8 + T cell TCRs interact with MHC-Ia molecules (Huang et al. 2005) . Using surface plasmon resonance (SPR), the affinity of MAIT TCRs for their cognate ligands was determined to be comparable to conventional TCR affinities for pMHC-Ia ligands ) but lower than those observed for iNKT TCRs for lipid-CD1d (Wun et al. 2008) . This is slightly puzzling since in a system where a MAIT TCR was reconstituted into a TCR − T-cell line, the cells were able to respond to stimulatory antigen with great sensitivity . One explanation for this discrepancy could be that in situ TCR affinities for their cognate ligands have been previously shown to be substantially higher than their in vitro measured affinities (Huppa et al. 2010) . Thus, even though the SPR measurements for MAIT TCRs complexed to antigen/MR1 are lower than those measured for iNKT TCRs in complex with their ligand, the MAIT cells themselves could respond with high sensitivity when stimulated by antigens presented by MR1. Various factors, such as the adhesion molecules maintaining the immune synapse, can increase the apparent affinities of TCRs for their ligands in situ. The co-receptors on T-cells, CD4 and CD8, for example, improve the affinities by interacting with MHC-II and MHC-I, respectively, and consequently, lengthening the dwell times of the TCRs on their ligands (Gao et al. 2002) . In both humans and mice, many MAIT cells have been identified to express CD8 (Gherardin et al. 2016; Rahimpour et al. 2015) . Since MR1 is part of the MHC-Ib family, CD8 could be hypothesized to stabilize the MAIT TCR/MR1 interaction by binding to MR1. Indeed, the region with acidic residues present in the α3 domain of MHC-Ia molecules that interacts with CD8 is also found in MR1 (Riegert et al. 1998; Walter and Gunther 1998) . In addition, structurally, the CD8 co-receptor has a similar footprint on MR1 as it does on MHC-Ia molecules . Furthermore, when CD8 was not allowed to engage MR1 due to the presence of a blocking antibody, Mtb-reactive CD8 + MAIT cell clones could not respond to Mtb-infected MR1 + APCs (Gold et al. 2013) , thus demonstrating a critical role for CD8 in MAIT cell responses. However, many MAIT cells do not express any co-receptor on their surfaces (Gherardin et al. 2016 ). The TCRs expressed by these MAIT cells could have potentially higher affinities for MR1 and antigen to compensate for the absence of CD8. Future work will hopefully resolve how the CD8 + and CD8 − MAIT cell TCR repertoires differ and whether any such differences amount to functional differences between the two populations as well.
Concluding remarks
Innate-like T cell populations have long been considered attractive candidates for immune modulation (Cerundolo et al. 2009 ). Their conserved TCR usage, recognition of ligands with limited polymorphisms, and swift responses upon activation meant that these cells could be specifically targeted to quickly produce pro-inflammatory cytokines. Yet, the paucity of these specialized populations in addition to a lack of known markers to precisely identify these cells in humans has hampered the development of immunotherapies to exploit these cells. MAIT cells, however, do not conform to that stereotype as they are easily found in large numbers in human mucosal tissues and blood. Additionally, with the advent of antigen-loaded MR1 tetramers, they can now be specifically tracked and characterized. Their prevalence in humans has significantly contributed to their appeal, resulting in enormous interest in understanding these cells and how they respond to antigenic stimuli with a future hope to artificially direct their responses in predictable ways. From this perspective, gaining insight into the antigen-presenting ligand, MR1, is fundamental to ultimately influence MAIT cell responses. MR1 is not unlike its MHC-Ia counterparts from a broad structural point of view . Its monomorphism, though, sets it apart from conventional MHC-I proteins and has instead drawn parallels to pattern recognition receptors Huang et al. 2009 ). By capturing and presenting vitamin metabolites to MAIT cells, MR1 can quickly activate its lymphocyte population similar to how TLRs binding their ligands can quickly activate innate immune cells. This comparison rings even truer since like TLRs, MR1 is specific for its antigen without being pathogen-specific.
But how can the power of MR1 and MAIT cells be harnessed? Frequently, when an immunodominant antigen for T cells is known, the host can be vaccinated with this antigen to generate a memory T cell population, which can then rapidly respond when the host encounters the actual pathogen possessing the antigen. However, MAIT cells already express markers associated with memory cells, such as CD44 hi and CD62L lo Rahimpour et al. 2015) , which might make a vaccine strategy futile since the cells would respond with kinetics reminiscent of memory cells even prior to vaccination. Perhaps, though, since MAIT cells can bridge the adaptive and innate immune responses, MAIT cell antigens could be provided as adjuvants along with other peptidic antigens that are immunodominant epitopes in pathogens. By doing so, MAIT cells that respond would skew the conventional T cell response to the T H 1/T H 17 axes by preferentially secreting IFNγ and IL-17 (Tang et al. 2013) . Employing this strategy could indeed generate a memory population of conventional T cells specific for a pathogen, especially ones that tend to infect mucosal tissues. Currently, whether the MAIT cell response can be modulated to exclusively the T H 1 or the T H 17 axis based on the stimulating antigen is unknown. Thus, it remains crucial to explore and identify any novel ligands that can be bound to MR1 that might specifically stimulate (certain) MAIT cells to secrete selective cytokines. In so doing, we will be able to better manipulate this arm of the immune system to influence immunity on a broader scale.
